Objectives: An efavirenz-based antiretroviral therapy (ART) regimen is preferred for children more than 3 years of age with tuberculosis. However, rifampin, a key component of antituberculosis therapy, induces CYP2B6. An increased dose of efavirenz is recommended in adults weighing more than 50 kg who require rifampin, but there is scant information in children being treated for tuberculosis.
Introduction
In high burden settings, tuberculosis is common among children with HIV-1 infection [1, 2] . Efavirenz with two nucleoside reverse transcriptase inhibitors (NRTIs) is the preferred antiretroviral therapy (ART) regimen for children over 3 years of age if they have tuberculosis [3] .
Efavirenz is metabolized predominantly by cytochrome P450(CYP)2B6, a process subject to autoinduction. Rifampin and isoniazid are core components of first-line antituberculosis treatment. Like efavirenz, rifampin induces the expression of CYP2B6, and there is concern that antituberculosis treatment may further reduce plasma efavirenz concentrations due to the inducing effect of rifampin. CYP2A6 and UDP-glucuronosyltransferase 2B7 (UGT2B7) catalyze accessory metabolic pathways of efavirenz [4, 5] . Whereas rifampin also induces these enzymes, isoniazid, conversely, inhibits CYP2A6 [6] . The functional genetic polymorphisms CYP2B6 516G!T, 983T!C, and 15582C!T predict increased efavirenz concentrations, and composite CYP2B6 genotypes describe the association of these genetic polymorphisms with efavirenz concentrations [7, 8] .
There is scant information about the pharmacokinetics of efavirenz in HIV-1-infected children being treated for tuberculosis [9, 10] . We previously described similar efavirenz concentrations during and after antituberculosis treatment in 15 children [9] . In this article, we describe the effects of antituberculosis treatment and CYP2B6 polymorphisms on efavirenz concentrations in an independent cohort of children dosed according to the WHO 2006 treatment guidelines [11] .
Methods
HIV-1-infected children with tuberculosis underwent pharmacokinetic evaluation after at least 2 weeks of combined treatment with an efavirenz-based ART regimen and antituberculosis treatment containing rifampin. As controls we studied HIV-1-infected children without tuberculosis who were established on efavirenzbased ART. Up to four blood samples were drawn per visit at one or two visits 11-24 h after the evening dose of efavirenz. In children with tuberculosis, pharmacokinetic evaluation was repeated at least 1 month after they completed their antituberculosis treatment. Efavirenz was dosed according to 2006 WHO-recommended weight bands [11] . The daily dose of rifampin (approximately 10 mg/kg) was administered in fixed dose combination (FDC) with isoniazid (approximately 5 mg/kg). During the initial 2-month intensive phase of treatment, the FDC also included pyrazinamide.
Plasma efavirenz concentrations were measured using liquid chromatograph tandem mass spectroscopy as previously described [9] . Intraday and interday precision ranged from 1.2 to 4.1% and 2.5 to 5.3%, respectively. The calibration range was linear over 0.1-15 mg/l and accuracy ranged from 95.2 to 104.6%.
DNA was extracted from whole blood using Wizard Genomic DNA purification kit according to the manufacturer's protocol (Promega, Madison, Wisconsin, USA). Genetic polymorphisms that predict higher plasma efavirenz concentrations, CYP2B6 516G!T (rs3745274), 983T!C (rs28399499), and 15582C!T (rs4803419) were assayed in the Vanderbilt DNA Resources Core using MassARRAY iPLEX Gold (Sequenom Inc., San Diego, California, USA). Laboratory personnel with no knowledge of the clinical data performed the genotyping. Composite CYP2B6 genotype was determined based on the three CYP2B6 polymorphisms (516G!T, 982T!C, and 15582C!T) [8] as follows: 'extensive metabolizer' if genotype showed 516G/G, 983T/T, with either 15582C/C or C/T; 'intermediate metabolizers' if genotype showed 516G/T or 983T/C but not both, or if genotype showed homozygosity for 15582T/T; and 'slow metabolizer' if genotype showed 516T/T, 983C/C, or the combination of 516G/T with 983T/C. Seven samples representing one visit for each of three children had plasma efavirenz concentrations below the limit of quantification. As no efavirenz was detectable in any sample at the three visits, yet all three children had efavirenz concentrations more than 1.0 mg/l in all of the samples taken at other visits, the undetectable concentrations (<0.1 mg/l) were excluded from this analysis for presumed nonadherence. Average mid-dose interval (MDI) concentration was defined as the mean of concentrations taken between 12 and 20 h after the dose at the first pharmacokinetic sampling visit. Average MDI concentrations were compared between groups using Wilcoxon rank-sum test (cases vs. controls) and matchedpairs signed-ranks test (within case comparison, during vs. after antituberculosis treatment), respectively. Pearson's x 2 test was used to evaluate the statistical significance of differences in the proportion of efavirenz concentrations less than 1.0 mg/l between groups.
Multilevel linear mixed-effects (MLME) regression was used to examine the effects of antituberculosis treatment, composite CYP2B6 genotype, time after dose, weight, efavirenz dose per kilogram of body weight, time on ART, age, sex, and BMI on the log-transformed efavirenz concentrations. The model included random effects for individual and visit to account for within individual and visit correlations. Missing genotype values were imputed, using multiple imputation to generate five datasets, by a chained equations approach [12] , with estimation results combined by Rubin's rules [13] . Interaction terms described the additional effects of 'time after dose' and 'tuberculosis treatment' by metabolizer genotype. The imputed datasets were used in the model to predict the 24-h concentrations of efavirenz.
The Research Ethics Committees of the University of Cape Town and the University of the Witwatersrand approved the study. The Vanderbilt University Institutional Review Board approved this analysis of DNA. Parents or legal guardians gave written informed consent before enrollment of their children, and assent to their participation was obtained from children 7 years of age or older.
Results
A total of 415 efavirenz concentrations from 40 children with tuberculosis and 41 control children without tuberculosis were included in the pharmacokinetic analysis. Composite CYP2B6 genotype data were available for 64 children in whom CYP2B6 extensive, intermediate, and slow metabolizer genotypes were present in 17 (27%), 36 (56%), and 11 (17%), respectively. In the present study, no individuals were homozygous for CYP2B6 15582T/T. Therefore, composite CYP2B6 genotype depended solely on CYP2B6 516G!T and 983T!C polymorphisms. Characteristics of the study participants are summarized in Table 1 .
Median CD4 þ lymphocyte percentage (CD4%) and plasma HIV-1 RNA were 9.7% [interquartile range (IQR) 4.0, 16.7; n ¼ 30] and 42 000 copies/ml (IQR: 7300-120 000; n ¼ 27) among those children with test results available on starting antituberculosis treatment.
After 6 months of antituberculosis treatment, the median (IQR) CD4% had increased to 19.4% (IQR: 12.5-25.3; n ¼ 24) and plasma HIV-1 RNA was less than 400 copies/ ml in 20 of 23 children with available test results (efavirenz average MDI concentrations were not significantly different in the children with or without available test results; P ¼ 0.305). Only serious adverse events and AIDS Clinical Trials Group grade 3 or 4 adverse events were recorded. Of these, one adverse event possibly related to treatment was reported in the month after antituberculosis treatment completion. The child had asymptomatic grade 3 elevations of alanine aminotransferase, which returned to normal without treatment adjustment. She had a high average MDI efavirenz concentration (17.17 mg/l) during antituberculosis treatment, which dropped to 4.14 mg/l a month after stopping rifampicin and isoniazid.
Eight children with tuberculosis did not have efavirenz concentration measurement repeated after antituberculosis treatment: one died; four were switched to an alternative antiretroviral regimen due to the development of HIV-1 resistance or other complications; one was withdrawn due to difficulties with phlebotomy; one due to poor adherence; and one relocated to another city.
The average MDI efavirenz concentrations during and after antituberculosis treatment, and in controls are represented in Fig. 1 Using the average MDI concentrations at first pharmacokinetic evaluation, children in the lowest weight band (10-13.9 kg) were more likely to have efavirenz concentrations less than 1.0 mg/l than children weighing 14 kg or more [3/8 (38%) vs. 8/73 (11%), P ¼ 0.037]. Among the 23 children with plasma HIV-1 RNA measurements after 6 months of antituberculosis treatment, the proportion with plasma HIV-1 RNA more than 400 copies/ml did not correspond with plasma efavirenz concentrations less than 1.0 mg/l (1/4 children with efavirenz <1.0 mg/l had plasma HIV-1 RNA >400 copies/ml, as did 2/19 with efavirenz >1.0 mg/l; P ¼ 0.44). Fig. 2 .
The 24-h trough concentrations of efavirenz predicted after imputation are summarized by genotype and weight band in Fig. 3 . Most children with CYP2B6 intermediate metabolizer genotypes had predicted efavirenz trough concentrations within the target range of 1-4 mg/l. Few children with extensive metabolizer genotypes achieved trough concentrations above 1.0 mg/l, whereas many children with slow metabolizer genotypes had concentrations above the target range.
Discussion
Our findings do not support the use of increased efavirenz doses in children being treated for tuberculosis with rifampicin-containing regimens, as concomitant antituberculosis treatment was not associated with reduced efavirenz concentrations. This finding is supported by the results of several studies in adults on antituberculosis regimens containing rifampin and isoniazid [14] [15] [16] [17] .
Unexpectedly, children with CYP2B6 slow metabolizer genotypes had increased efavirenz concentrations during antituberculosis treatment. Although this finding is consistent with several studies in adults [15, 16, 19] , few studies have analyzed the genotype-dependent effect [18] . We hypothesize that the increased efavirenz concentrations during antituberculosis treatment are due to inhibition by isoniazid of accessory metabolizing pathways, which are more important in slow metabolizers. In human liver microsome samples, Ogburn et al. [5] demonstrated that 8-hydroxyefavirenz, which is formed largely by the action of CYP2B6 but also by CYP2A6, accounted for 77.5% of efavirenz metabolized. Efavirenz 7-hydroxylation, which is catalyzed principally by CYP2A6, accounted for 22.5% of efavirenz metabolized. The importance of CYP2A6 for efavirenz elimination among slow metabolizers was suggested in a study of CYP2A6 genetic variants [20] , although this association was not replicated in a subsequent study [8] .
The CYP2B6 516G!T polymorphism is relatively common in Africa, south-east Asia, and the Caribbean [14] [15] [16] 21, 22] , where there is a high incidence of tuberculosis in people with HIV-1 infection. Our results raise the possibility that efavirenz-related central nervous system side-effects, which are associated with higher efavirenz concentrations and early treatment discontinuation, might be more frequent among tuberculosis patients who start efavirenz-based ART [23, 24] . Using increased doses of efavirenz during antituberculosis therapy, as has recently been recommended for adults weighing more than 50 kg [25] , may further increase this risk among slow metabolizers. Furthermore, the potential drug interactions of isoniazid preventive therapy in HIVinfected patients on efavirenz-based ART should be considered.
The respective contribution of efavirenz, rifampin, and isoniazid to efavirenz metabolism in patients established on combined antituberculosis and ART is not clear. Efavirenz is also metabolized by UGT2B7 directly to efavirenz-N-glucuronide. Although it is usually a minor pathway, it may be more prominent in patients with reduced CYP2B6 function and is inhibited by zidovudine, a commonly coprescribed drug in patients on ART [4] . The magnitude and impact of drug-drug interactions in HIV-1-infected patients with tuberculosis should, therefore, be evaluated in patient populations as studies in healthy volunteers typically fail to account for concomitant drugs other than rifampin, disease factors, or the time course of the combined effects in patients.
The majority of children in our study (83% of those genotyped) had intermediate or extensive metabolizer genotypes, groups that did not have altered efavirenz concentrations during antituberculosis treatment.
Ngaimisi et al. [16] found that efavirenz concentrations were reduced to a greater extent in patients on concomitant antituberculosis treatment after just 4 weeks of combined treatment compared to patients without tuberculosis. However, after 16 weeks of ART, the concentrations in patients without tuberculosis had declined to concentrations similar to those at 4 and 16 weeks in the tuberculosis patients. This suggests that antituberculosis treatment did not increase metabolism of the drug more than autoinduction due to efavirenz itself, once that process was complete. Our study was not designed to provide a robust evaluation of the time course of efavirenz concentrations; however, we did not detect an effect of time on ART in the MLME model. It is not known whether children differ from adults in this respect.
The present study had several limitations. Our study had insufficient power to evaluate the impact of efavirenz concentrations on virological outcomes among the children with tuberculosis, and it was not designed to evaluate central nervous system side-effects. No grade 3 or 4 neurological adverse events were reported, but more subtle effects were not recorded. As efavirenz was taken in the evening, the study team did not observe the dose and the absorption phase of concentration-time curve was not characterized. Our data should be extrapolated to other populations with caution. The children in this study were aged between 3 and 15 years; moreover, there is considerable variation in efavirenz concentrations reported in patients from different regions [14] [15] [16] 21, 22] . Lastly, recent guidelines advocate increased doses of rifampicin and isoniazid for children with tuberculosis. The recommended dose of rifampicin has increased from the 10 mg/kg, which was used in our study, to 15 mg/kg and the recommended dose of isoniazid has doubled [26]. It is not known what impact these changes will have on the magnitude of the interactions with efavirenz.
There was wide variability in the effect of antituberculosis treatment on efavirenz concentrations. Although the median change in MDI concentrations (based on average values for each child) was À1%, among the 32 children for whom paired pharmacokinetic data were available, the change ranged from À85 to þ308%. Efavirenz concentrations were markedly increased during antituberculosis treatment in one child with a slow metabolizer genotype (Fig. 1 ). There was no apparent explanation for this outlier, but the individual's data did influence the MLME model. In a sensitivity analysis that censored this child's pharmacokinetic data, the model predicted a 28% (95% CI À9 to 81) increase in efavirenz concentrations during antituberculosis treatment for children with a slow metabolizer genotype, whereas the other covariate effects were not substantially altered. This suggests a more modest increase in efavirenz concentrations due to antituberculosis treatment in most slow metabolizers. Clearly, composite CYP2B6 genotype is an important determinant of the effect of antituberculosis treatment on the pharmacokinetics of efavirenz. Additional pharmacogenetic effects warrant investigation, such as effects of more specific CYP2B6 haplotypes [8] , and polymorphisms that affect isoniazid and rifampin concentrations, respectively [27, 28] .
Several studies have described reduced concentrations of efavirenz in children without tuberculosis despite relatively high efavirenz doses per kilogram of bodyweight [29] [30] [31] [32] [33] . The weight band-based doses of efavirenz used in this study were recommended by the WHO in 2006. Notwithstanding the higher milligram per kilogram doses prescribed for the lowest weight band (14.4-20 mg/kg), we found that children weighing 10-13.9 kg had reduced efavirenz concentrations when compared to the other weight bands. The WHO increased efavirenz doses in the revised weight band-based guidelines of 2010 based on the pharmacokinetic studies in children. However, children in the lowest weight band were insufficiently represented in those studies and the 200 mg dose recommended for 10-13.9 kg children has not been revised. Our findings suggest that children in this weight band should receive higher doses. However, the most powerful predictor of efavirenz concentrations is CYP2B6 genotype, and few children with the extensive metabolizer genotype achieved predicted 24-h concentrations more than 1.0 mg/l ( Fig. 3 ), which is the lower limit of the recommended target range for trough concentrations of efavirenz [34] .
We found highly variable efavirenz concentrations in children, and this variability was increased in a genotypedependent manner among children on antituberculosis therapy. Children with a slow metabolizer genotype who had elevated efavirenz concentrations, experienced an additional increase in efavirenz due to antituberculosis treatment. Adequately powered studies are needed to evaluate the safety and efficacy of efavirenz-based ART in children with tuberculosis. Genotyping for CYP2B6 at treatment initiation with targeted efavirenz dosing could result in a greater proportion of patients achieving efavirenz concentrations within the recommended range, possibly reducing the risk of treatment failure and toxicity. Although our findings support the use of higher efavirenz doses in children who weigh less than 14 kg with and without tuberculosis, in the absence of individualized therapy based on pharmacogenetic testing, our findings do not support dose adjustment in children during rifampin-based antituberculosis treatment.
